Understanding the mechanism of the reduction of graphene oxide (GO) is a key-question in graphene related material science. Here, we investigate the kinetics of the reaction of radiolytically generated hydrated electrons with GO in water. The electron transfer proceeds on the ns time scale and not on the ps time scale, as recently reported by Gengler et al. (Nature Comm 2013, 4 2560). 1
Introduction
Carbon based nanomaterials with dimensionalities 0D (fullerenes), 1D (carbon nanotubes) and 2D (graphene / graphene oxide) have gained a large scientific interest in the past decade. 2 In recent years a particular focus was set on 2D carbon materials, such as graphene and graphene oxide (GO). These materials are, however, correlated with a number of practical issues. Especially the production of high quality monolayer graphene with the perspective of large scale applications/productions, is still challenging. 3, 4 For graphene oxide (GO) on the other hand up-scalable synthetic procedures starting from graphite are established. 4 Moreover in aqueous dispersions, GO occurs -even without surfactants -as monolayer material. The major drawback of GO is, that the quality of the carbon framework depends strongly on the preparation conditions. Therefore GO prepared according to common procedures display a highly defective sp 2 carbon framework with edges of defects functionalized with oxygen containing groups such as -COOH, -OH, C=O, etc.. 4 Bearing this in mind, the reduction of GO to graphene is a smart route toward graphene with various defect densities. In this regard countless methods for the reduction of GO were published in the recent years -in particular "classical" preparative approaches. Results obtained from reductants such as hydrazine, dimethylhydrazine, hydroquinone, NaBH 4 , TiO 2 , HI and other were recently summarized. [4] [5] [6] In comparison to the above methods, much less work was reported applying e.g. photo-or radiation chemical methods as preparative chemical methods.
Recently we investigated the reduction of three different graphene oxides and the properties of the formed rGO (reduced graphene oxide) utilizing hydroxylalkyl radicals derived from alcohols and solvated electrons as reducing agent. The properties of the formed rGOs were analyzed by steady state electron beam radiolysis, 7, 8 and a better efficiency of this method was found compared to preparative approaches. But up to now, Page 2 of 16 Nanoscale Nanoscale Accepted Manuscript detailed mechanistic and kinetic aspects of these reactions remained elusive. Even for the "classical" preparative reduction, mechanistic and kinetic studies are only spotted in the literature and novel knowledge about the mechanism of reduction is highly desired. 9, 10 Although, each of the reduction methods has its own advantages, light-induced reduction of GO appears to be a nice and interesting way of producing reduced GO (rGO) while avoiding the use of harsh chemicals. The photochemical reduction of GO was studied altering the wavelength, exposure time or light intensity, both in solids or in the liquid phase. [11] [12] [13] [14] [15] Although, these great efforts have been undertaken the key-questions of understanding the dynamics and details of the reduction mechanism remained largely unanswered yet. In the present contribution we want to shed light into the issue how GO is photo-reduced, what the reducing species is, and what the role of the solvated electron is in this process. In order to understand photo-reduction of graphene and the role of solvated electrons in this process we generate solvated electron via radiation chemistry and study the kinetics under very well defined experimental conditions relevant for photo-reduction, as outlined below.
Recently, Gengler et al. 1 investigated the nature of the ultraviolet photo-reduction of GO in water by using femtosecond laser pulses in a pump-probe experiment. A water dispersion of GO was irradiated by an ultraviolet femtosecond pump pulse, followed by a second femtosecond visible probe pulse. By varying the delay between the pump and the probe pulses the evolution of the reaction can be monitored in real time. Their results appear to support a recently proposed model for GO photo-reduction in water: The ultraviolet light (4.6 eV) is absorbed by the solvent through a nonlinear process, namely two-photon absorption. This process excites the water above its photoionization threshold (6.5eV) leading to the generation of solvated electrons, which are then responsible for the production of rGO. The entire reduction dynamics are unveiled by transient absorption measurements and are found to occur on a picosecond time scale.
Here, we present a kinetic study on the defined electron pulse radiolysis reduction of three GO samples in aqueous dispersion (in order to display the variability of kinetics for different materials and material qualities). We employed single-layer GO purchased from Cheaptubes.com (CT-GO) and from Nanoinnova Technologies (NI-GO) as well as home-made GO with an almost intact carbon framework (ai-GO) 16 (for details see the experimental section). By applying this technique (electron pulse radiolysis) we exclusively generate 'truely' solvated electrons and explicitly exclude excitation of GO leading to decomposition of GO. The new experiments aim at shedding some more light into the question what the reducing species and the mechanism is in the photo-reduction of graphene oxide (GO) with intense pulsed UV light.
Experimental Section

Materials
All chemicals were purchased from commercial sources in highest purity and used as received. Three different GO samples have been investigated in this work: I) singlelayered GO purchased from Cheaptubes.com (USA) -further called CT-GO, II) GO from Nanoinnova Technologies (Madrid, Spain) -further called NI-GO, and III) homemade GO with an almost intact carbon framework -further called ai-GO synthesized according to Eigler et al. 16 Dispersions of GO were prepared in a Millipore water using bath ultrasonication, for details see Ref. 7 .
Pulse radiolysis
The samples were saturated with N 2 and irradiated with high energy electron pulses (1 MeV, 15 ns duration) by a pulse transformer type electron accelerator (Elit -Institute of Nuclear Physics, Novosibirsk, Russia). The dose delivered per pulse was measured by electron dosimetry. 17 Doses between and 2.3 and 100 Gy were employed. The optical detection of the transients was carried out with a detection system consisting of a pulsed (pulser MSP 05 -Müller Elektronik Optik) Xenon lamp (XBO 450, Osram), a SpectraPro 500 monochromator (Acton Research Corporation), a R 9220 photomultiplier (Hamamatsu Photonics), and a 500 MHz digitizing oscilloscope (TDS 640, Tektronix).
Computational methods
Quantum chemical calculations were performed using the Density Functional Theory (DFT) employing the B3LYP 18, 19 functional as implemented in Jaguar program. 21 The structures of studied molecules were optimized in water using Jaguar's Poisson-Boltzmann solver (PBF) 15 
fs-Laser Photolysis experiments
The femtosecond transient absorption measurements were carried out with a CPA-2101 femtosecond laser (Clark MXR). The excitation wavelength (256 nm) was created by third harmonic generation. Laser output energies between 100 and 400 nJ / pulse were selected. For the other GO samples (NI-GO and CT-GO) we found a similar behaviour, i.e., Since for measurements resulting from high absorbed doses, i.e., 100 Gy, the pseudofirst order approximation may provide rate constants that appear somewhat higher than expected because it neglects second order effects resulting from the recombination of e (aq) -. In order to estimate any error in this direction we performed kinetic simulations using ACUCHEM 25 for the 720 nm time profiles (see e.g., figure S4 in the supplementary information). From these simulations a rate constant of (2.65 ± 0.20) x 10 7 ml x mg -1 x s -1 was obtained for the reaction of e (aq) with ai-GO, indicating that under the applied conditions the pseudo-first order approximation leads to reasonable results and very small errors. Please note, GO is a label for a number of different heterogeneous materials (with very different defect numbers and features, i.e., functional groups), for which no classical solution concentration of the reactant in terms of mol/l can be given.
Results
Instead we give rate constants (in ml × mg -1 × s -1 ) as a function of the dispersed GO amount in solution (mg/ml). Note, the concentration of GO varies somewhat for the different samples because of the different solubility. The concentration of GO is nevertheless still high as compared to the solvated electron such that the conditions are still pseudo first order. The investigations revealed for both tested models a high driving force for the decarboxylation of the COOH and COOgroup and the removal of the OH groups respectively. As a result of these quantum chemical calculations, it is reasonable to describe the reduction of GO according to reaction schemes 3 and 4. This occurs with a carbon loss by releasing CO 2 originating from COOand COOH respectively (3), and without carbon loss when the epoxy group (two OH-groups) is removed (4 
Discussion
The observed rate constants for all three GO samples were only differing by a factor of less than Theoretical calculations were conducted to elucidate how the reduction, described by Gengler et al. (which has been shown experimentally and which we do not doubt), could occur without the formation of a solvated electron from the two photon absorption of water. Our quantum chemical calculations showed that GO is ionized from photoexcitation at 266 nm, forming a GO + / eion pair. A large quantity of the electrons are not able to escape into water forming solvated electrons and are recombining on a short time scale (below 1 ns) 26, 27 This recombination may, e.g., be accompanied by CO 2 formation, as described in reaction scheme 5 (see also Figure S7 in the SI).
It should be noted that carboxylic acids play a minor role for ai-GO, as the concentration of defects is on average only 0.3%. This is much different for commercial GOs. The defect concentration is usually unknown, but approximately between 5-10%. Although, XPS can give information about the amount of carbonyl/carboxyl functions, their concentration is difficult to determine reliably in a quantitative fashion. Therefore, the exact concentration of carboxylic acids is not known precisely and the major functional groups remain epoxy and hydroxyl groups. Nevertheless, we included the mechanism of CO 2 formation from carboxylic acids (beyond OH and epoxy group reduction), because this mechanism certainly becomes relevant for highly defective GO.
In summary, the photochemical conversion of GO to rGO observed in Ref. 1 is not related to the reaction of GO with solvated electrons originating from water as in our experiments, but most likely from the laser excitation of the GO. Such a behaviour is not unexpected and well reported in the literature for the laser photolysis of pure GO dispersions. 28, 29 It should be noted, that we do not question the overall photochemical reduction of graphene in
Ref. 1, such as shown impressively via XPS, but just the molecular mechanism. Our recent experimental results may indicate that while the direct photochemical reduction is rather Page 12 of 16 Nanoscale Nanoscale Accepted Manuscript inefficient, in principle, it may, however, become more efficient for high photon densities possibly forming H atoms (from solvated electrons via reaction with H + at the low pH values typical for highly concentrated GO dispersions), which is indeed an efficient reduction agent.
Conclusions
Efficient techniques to reduce graphene oxide are interesting due to the multitude of potential applications of this carbon material. A very promising method is its 
